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Abstract 
The steep increase in urban populations results in the spatial extent of cities expanding both horizontally and verti‑
cally. The climatic response of urban areas differs greatly to rural areas exposed to the same environmental conditions, 
with urban temperatures generally being higher, particularly in the late afternoon and evening. Coupled with the 
upward trend in global temperatures, urban heating can be classified as an atmospheric hazard that affects a high 
proportion of the population in some countries, which needs to be addressed through local and national govern‑
ment planning strategies. This study presents preliminary findings from a city scale urban climate model developed 
using the fast climate modelling tool ADMS‑Urban for the city of Kuala Lumpur, Malaysia, which is known to suffer 
from substantial urban heating, and discusses the extent and intensity of the urban heat island in light of existing 
literature based on field measurements. The model has been configured to use surface characteristic data derived 
from land‑use data as input, and through comparison with temperature variations derived from satellite imagery, the 
model is seen to clearly capture the spatial variation of temperature over the domain. The urban heat island intensi‑
ties predicted by the model are comparable to the values reported in literature. This study also demonstrates the 
strong relationship between temperatures and wind speed, which is generally much lower in tropical Kuala Lumpur 
compared to mid‑latitudes, and the urban heat island intensity and nocturnal cooling. The future modelling studies 
should account for anthropogenic heating, for instance, from air conditioning units and traffic, which are important 
sources of heat in tropical areas, and expand more on building materials and morphology for a thorough appraisal of 
urban heating in Kuala Lumpur.
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Introduction
Mega-urban areas in Asia are known to suffer from sig-
nificant urban heating (Estoque et  al. 2017; Hunt et  al. 
2018) with important implications on human health and 
wellbeing (O’Neill and Ebi 2009; Hajat et  al. 2014), and 
Greater Kuala Lumpur is not an exception to this with 
its population expected to exceed 10 million by 2020 
(PEMANDU 2014). Kuala Lumpur grew considerably in 
terms of size and population during the last 50 years with 
a rate of urbanisation among the highest in Southeast 
Asia (Yuen and Kong 2009), which has led to significant 
changes in the land use/land cover of the area and to the 
disappearance of a clear boundary between the Petaling 
District and Federal Territory. The sharp increase in the 
number of motor vehicles in the resulting Klang Valley 
conurbation has resulted in a new central area circula-
tion plan and a number of road projects. Land-use and 
land-cover changes combined with other contribut-
ing anthropogenic factors relating to the urbanisation 
and conurbation processes (traffic and waste heat from 
air conditioning systems, population increases) have 
modified the energy balance and induced spatiotempo-
ral changes of urban climate in this area (Morris et  al. 
2017a).
The urban heat island (UHI) is a phenomenon where 
urban air temperatures are higher than the surround-
ing rural areas primarily as a result of the high thermal 
capacity of building materials, reduced latent heat flux 
relating to increased surface water drainage, increased 
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anthropogenic heat and fewer open/green spaces in cit-
ies (Gago et al. 2013). UHI phenomenon has been widely 
studied as the major indicator of the impact of urban set-
tings on local climate. Further, although there are fewer 
studies focussing on (sub)tropical regions than on mid-
latitude western urban areas (Roth 2007; Stewart 2011), 
there is a relatively well-developed literature on urban 
heating in Malaysia, particularly in Kuala Lumpur. These 
studies began in the early 1970s by Sham Sani who, in 
more than two decades, showed the exacerbation of 
urban heating within Kuala Lumpur in relation to the 
increasing size of the city, changes in the cityscape (for 
instance, sea breeze obstruction by tall structures) and 
worsening in the anthropogenic factors (e.g. Sani 1972, 
1984, 1990/91). More recently, studies have used differ-
ent approaches, including surface energy balance model-
ling (e.g. Tso 1996; Tso and Chan 1990), satellite images 
and remote sensing (e.g. Ahmad and Hashim 2007; Yusuf 
et  al. 2014), weather station and temperature sensor 
field monitoring (e.g. Sani 1972, 1984; Azid et  al. 2015; 
Elsayed 2006, 2012a, b, c, d; Ahmad et al. 2010), as well 
as numerical modelling (e.g. Morris et  al. 2017a, b; Ooi 
et  al. 2017a) to evaluate the urban heat island around 
Kuala Lumpur. These studies reached a general consen-
sus: (1) the urban heat island intensity (UHII) is continu-
ally increasing, with estimates within the last decade 
varying between 4.2  °C (Morris et  al. 2017a) and 9.5  °C 
(Ahmad et al. 2010); (2) the UHII is higher on the week-
days, highlighting the contribution of traffic-induced 
heating (Elsayed 2012a, b, c); (3) urban cool islands (for 
instance, in the vicinity of Lake Garden Park, or within 
older and leafier districts such as Kampung Baru; Sani 
1972, 1984) are reducing in size and in some cases disap-
pearing altogether, primarily due to heavy traffic in and 
surrounding these areas (Elsayed 2012a, b; cf. Azid et al. 
2015) and (4) the warmest core of the city is shifting from 
around Chow Kit to the commercial district Puduraya, 
presumably due to the development of the Pudu Sentral 
Bus Terminal (Elsayed 2012a, c; cf. Sani 1984). In addi-
tion to various anthropogenic factors, the land-use/land-
cover changes, including the increase in built-up areas 
and reduction in green areas, have been identified as 
the primary drivers for the urban heat island in Greater 
Kuala Lumpur (Ramakreshnan et  al. 2018). All these 
studies are in broad agreement that there is an increasing 
urban heating problem due to the urban development in 
Kuala Lumpur.
Kuala Lumpur (3°09ʹ35ʺN 101°42ʹ 00ʺE) is located in 
the tropics, and has two distinct monsoon seasons, i.e. 
the relatively drier Southwest Monsoon from May to Sep-
tember, and the rainy Northeast Monsoon from Novem-
ber to March (Ooi et al. 2017b). On course to be a world 
class city, Kuala Lumpur will continue its development in 
the next decade. Thus, it is of great importance to under-
stand how different land-uses and land-covers impact its 
urban climate. A fast and reliable modelling tool suitable 
for the tropics is essential to help us predict future urban 
temperatures and to provide guidance for scientific and 
sustainable urban planning. In this study, the city scale 
urban climate modelling of Kuala Lumpur was under-
taken by customising a fast local urban climate model-
ling tool, ADMS-Urban. Such fast, local-scale modelling 
tools have been widely used in the last decades to calcu-
late temperature perturbations in mid-latitudes from city 
to neighbourhood/street level with the aim of studying 
the extent and spatiotemporal variation of UHI to help 
identify risk factors within a given urban context and 
to test the effectiveness of possible land-use change or 
mitigation scenarios (e.g. Jacobson and ten Hoeve 2012; 
Virk et al. 2014, 2015), but their customisation for use to 
model (sub)tropical cities has not been achieved.
In this study, the preliminary findings from this city 
scale climate model of Greater Kuala Lumpur are pre-
sented in conjunction with satellite images to discuss the 
model setup and input, as well as the factors that govern 
the urban heating phenomenon in a tropical Asian city in 
comparison to mid-latitude cities.
Data and methods
Details of model inputs and configuration are given in the 
following sections.
City scale urban climate modelling of Greater Kuala 
Lumpur by ADMS‑Urban
ADMS-Urban (previously ADMS-T&H) has been widely 
used to study the urban climates on a city scale (e.g. Mag-
giotto et al. 2014; Mavrogianni et al. 2011) as well as on 
a neighbourhood/street scale (e.g. Hamilton et  al. 2014; 
Aktas et al. 2017). In this study, city scale urban climate 
modelling of Greater Kuala Lumpur has been performed.
ADMS-Urban uses meteorological input to calculate 
heat flux parameters using the following surface energy 
balance equation:
where Q* is the net radiation, QF is the anthropogenic 
heat, G is the heat storage due to the conduction of heat 
to the surface, H is the sensible heat transfer and LE is the 
latent heat transfer.
Using the weather data from rural area as input, 
ADMS-Urban can model the urban climate by account-
ing for the perturbations of heat from net radiation, 
anthropogenic heat, heat storage, sensible and latent heat 
transfer. The perturbations of heat are calculated based 
on the differences in thermophysical properties between 
the modelled area and input area. Thus, detailed land-use 
Q∗ + QF = G +H + LE,
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data are essential for ADMS-Urban modelling (CERC 
2017). The modelling work reported here used input 
parameters derived from a variety of sources. Kuala Lum-
pur City Hall (DBKL) supplied detailed land-use data 
defined by function (commercial, residential, etc.). The 
land-cover data, i.e. physical properties of the surfaces 
(building materials, wooded areas, urban parks, etc.), 
were not available. U.S. Geological Survey (USGS) 30-m 
global land-cover data (https ://landc over.usgs.gov/glc/) 
were used to refine some of the land-use categories, spe-
cifically green space and open areas. Land-use data thus 
collated for the entire Greater Kuala Lumpur are shown 
in Fig. 1.
All land-use categories were gridded to 50 m prior to 
assigning the physical properties listed in Table  1: the 
albedo, thermal admittance and surface resistance to 
evaporation parameters. The physical properties were 
then resampled at a 100-m grid resolution. Land-use 
data outside Kuala Lumpur were resampled at a 500-m 
resolution based on the European Space Agency, Global 
Land Cover map from 2015 (https ://www.esa-landc 
over-cci.org/), which has a resolution of 300  m, and 
physical parameters were assigned (Table 1). The physi-
cal parameters required as input for the ADMS-Urban 
model relate to the capacity of a surface to reflect, 
absorb and reradiate heat, namely albedo, thermal 
admittance and surface resistance to evaporation; these 
Fig. 1 a Malay Peninsula (ArcMap 10.5 base Map), b Greater Kuala Lumpur land‑use categorisation and c Kuala Lumpur city land‑use categorisation 
in further detail
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values were chosen from land-use information col-
lated for the entire domain. The land-use categories for 
Kuala Lumpur were chosen in line with the data made 
available by DBKL. For outside the city boundaries, on 
the other hand, a relatively lower resolution land-use 
categorisation was used due to data limitations. The 
physical parameters for category urban, on the other 
hand, were assigned a mean value obtained for Kuala 
Lumpur city (Table  1, derived from Aktas et  al. 2017; 
CERC 2017).
As such, a relatively rough set of land-use categories 
was used for both KL and GKL: all buildings and non-
specific open areas (which are not labelled as part of 
parks or woods) were assumed to be made of concrete, 
and values assigned to green areas did not account for 
different vegetation types (an in-depth study demon-
strating the impact of using more refined land-use and 
land-cover classifications is given in Aktas et al. (2017)). 
The surface resistance to evaporation value (rs) for 
green areas and woods was calculated as 37 s/m based 
on Eq. (1) given below (Fen Shu 1982; Tran et al. 2015).
where θ and θsat are volumetric water content in the 
0–5 mm soil layer and saturated water content of the soil, 
respectively, which were assumed to be equal to each 
other to reflect the high moisture content of soil due to 
frequent and intense precipitation in tropical areas. For 
this study, the day selected for analysis was 30 May 2015. 
This was mainly because satellite imagery with minimal 
cloud cover was available for this day (see “Landsat 8 
images” section). The assumptions made in the calcula-
tion of the surface resistance to evaporation are in broad 
agreement with this selected day selected for analysis, 







Monsoon season (boreal summer monsoon between May 
and September; see Ooi et al. 2017b), followed a precipi-
tation incident the previous evening. This particular day 
was chosen for analysis because of the availability of sat-
ellite imagery with minimum cloud cover.
In addition to the mentioned physical input parameters 
and meteorological data, the morphological input param-
eter, normalised building volume (NBV), was derived 
using the 3D buildings data, also obtained from the 
DBKL, and used for the model setup to calculate spatial 
and temporal temperature perturbations over the model 
domain. The surface roughness length, which is another 
morphological parameter, was assigned empirical values 
based on the land-use categories chosen for GKL: 0.5 for 
urban, 0.5 for woods, 0.1 for cropland and 0.001 for water 
surfaces. Each model was run over 2 days, and the latter 
24-h outputs of air temperatures at 3 m from the ground 
were used for analysis to allow the model to account for 
the diurnal cycle of heat absorption and release.
Landsat 8 images
Due to data availability limitations at this stage, we are 
unable to obtain data from the meteorological stations 
inside the city to validate our model. In order to evaluate 
the city scale model of Greater Kuala Lumpur, the Land-
sat 8 Operational Land Imager (OLI)/Thermal Infrared 
Sensor (TIRS) Collection 1 Level-1 data were therefore 
used to derive the ground surface temperature values. 
Landsat 8 OLI sensor collects data for nine shortwave 
spectral bands with 30  m spatial resolution for eight 
bands in the visible, near-infrared and shortwave infrared 
regions and the panchromatic band at 15 m spatial reso-
lution. The TIRS consists of two TIR bands, i.e. TIRS-1 
Band 10 from 10.6 to 11.19 μm and TIRS-2 Band 11 from 
11.50 to 12.51  μm, both of which collect TIR radiance 
data at 100 m spatial resolution. As mentioned above, the 
satellite image obtained from the U.S Geological Survey 
Table 1 Land-use categories and defined physical properties for Kuala Lumpur (KL) and Greater Kuala Lumpur (GKL)





KL Building 0.12 1505 250
Road 0.08 1205 250
Open 0.18 600 250
Green 0.2 300 37
Water 0.08 1545 0
GKL Urban 0.14 882 194
Cropland 0.157 600 70
Woods 0.15 300 37
Water 0.08 1545 0
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(https ://lands at.usgs.gov/) for 30 May 2015, when the 
cloud cover was less than 15%, was used in this study.
The Single-Channel Algorithm that developed by Jimé-
nez-Muñoz et  al. (2009) was used here to retrieve the 
land surface temperatures (LSTs) by means of the TIRS-1 
band data (Jiménez-Muñoz et al. 2014).
In this study, as the water vapour content is not avail-
able, the atmospheric function parameters were obtained 
from the Atmospheric Correction Parameter Calculator 
(Barsi et al. 2003, 2005).
Another parameter required to retrieve land surface 
temperatures (LSTs) is the land surface emissivity. In this 
study, the land surface emissivity was estimated using the 
Normalised Difference Vegetation Index (NDVI) Thresh-
olds Method (Sobrino et al. 2008; Jiménez-Muñoz et al. 
2009). Negative NDVI values were assumed to be water 
surfaces, where the assigned emissivity was 0.995. The 
calculated NDVI and the derived land surface emissivity 
of the study area are shown in Fig. 2.
Results
Comparison of the spatial distribution 
between ADMS‑Urban output and land surface 
temperatures
A satellite image of Greater Kuala Lumpur was generated 
for 30 May 2015 at 11:27 (Malaysian local time). ADMS-
Urban predicts hourly average temperatures and uses the 
hour-ending convention, so output from 12:00 noon on 
the same day was used for a comparison of the spatial 
variation of temperatures at 3  m height above ground 
over the Greater Kuala Lumpur area (Fig.  3). At this 
time, the air temperature at Subang meteorological sta-
tion (shown in yellow in Fig. 1b) was 33.4 °C and the wind 
speed was 3.7  m/s from southeast direction (120°). The 
model predictions of aboveground air temperatures and 
surface temperature values derived from the satellite data 
cannot be directly compared, as the ranges of surface 
temperatures are always larger than the air temperatures; 
however, it is shown that the ADMS-Urban gives a good 
prediction for the spatial pattern of temperature pertur-
bations over the modelling domain, characterised by dif-
ferent land uses. Both model outputs and satellite image 
show the contrasting temperature distribution between 
green areas and built-up areas over Greater Kuala Lum-
pur. The model output had captured the lowest temper-
ature values in the wooded areas East of Kuala Lumpur 
city beyond Ampang Jaya. Such contrasting temperature 
distributions on different land uses are also shown by the 
ADMS-Urban output and LSTs in Kuala Lumpur city 
(Fig. 4). The model also indicates higher temperatures in 
the northern part of Kuala Lumpur (e.g. Kepong and Sen-
tul), also shown in the LSTs. 
In terms of resolution, clearly the satellite images 
(Figs.  3b and 4b) have a much finer resolution than the 
model. The model is restricted by the calculation grid 
resolution, which is relatively coarse (approximately 
115  m); refining the land-use inputs to the model, for 
instance, distinguishing between open green and wooded 
Fig. 2 a Derived NDVI and b land surface emissivity of the study area
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areas and accounting for the variation in thermal capac-
ity of the buildings, as in Aktas et al. (2017), would also 
help improve the model resolution if more detailed land-
cover data were available for the full domain. Although 
sub-domains that use ‘urban’ input meteorological condi-
tions may be considered at higher resolution, for this city 
scale study it was necessary to include the full domain in 
order for the model to account for the generation of the 
full Greater Kuala Lumpur UHI. To enhance the compa-
rability of satellite imagery and model output, the LSTs 
were resampled to the same resolution as ADMS outputs 
(Fig. 5). The Pearson correlation coefficient between LST 
and ADMS outputs was calculated as 0.43 (p < 0.01), sug-
gesting a moderate positive correlation. However, the sat-
ellite image indicates a stronger UHII in the southeast of 
the domain in Fig. 3 compared to the model—a possible 
explanation for this may be that the model over-predicts 
the influence of advection of heat from the southeast to 
the northwest.
Modelled air temperature values in different land‑use 
areas
Because UHI is highest in late afternoon/evening, the 
model output obtained for 6  p.m. was used to examine 
the UHII. The results show that over the entire model 
domain, the calculated temperature values range between 
29.3 and 37.3 °C, which indicates a UHII of around 8 °C 
(Fig.  6), which is comparable to the values reported in 
literature. It should be borne in mind, however, that the 
model currently does not account for the anthropogenic 
heating—which, reportedly, can be as high as 1.5  °C in 
various Asian cities of a comparable size and intensity (Li 
et al. 2015; Wang et al. 2018; Ichinose et al. 1999), overall 
putting the model predictions of UHII for Kuala Lumpur 
in line with the higher end of previous predictions, i.e. 
9.5 °C by Ahmad et al. (2010).
In order to further discuss the difference in tempera-
ture variations over different land-use areas, the diurnal 
variations in the modelled air temperatures of green and 
built-up areas have been studied. Modelled tempera-
tures at Perdana Botanical Garden (Tasik Perdana) and 
the City Centre (Fig.  7) were analysed for the 30th of 
May 2015. The modelled air temperatures at 3 m above 
ground (Fig. 8a) indicate that the modelled air tempera-
tures in the City Centre are up to 1.4 °C higher than that 
those in Tasik Perdana; this maximum temperature dif-
ference appears at 18:00 and coincides with a sharp drop 
of wind speed around that time (Fig.  8b), which high-
lights the inverse relationship between urban tempera-
tures and wind speed values.
Impact of wind speed
To further study the impact of wind speed on the urban 
heating, a reduced wind speed case was evaluated, 
where the input wind speed values used for the base case 
analyses were halved, with all other input parameters 
Fig. 3 a ADMS‑Urban modelled air temperatures at 3 m above ground (12:00 noon) and b derived LSTs (11:27 a.m.) for the Greater Kuala Lumpur, 
blanks are areas with derived LSTs lower than 15 °C due to cloud cover
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unchanged. The differences in the temperature predic-
tions and the input wind speed from these two cases are 
shown in Fig. 9. Data from 8 a.m. to midnight are com-
pared here, as the ambient wind speed at 1  a.m. and 
5 a.m. to 7 a.m. was all lower than the critical minimum 
wind speed value that can be defined in ADMS-Urban 
modelling. The temperature differences between the 
built-up and green areas are always higher in the reduced 
wind case (up to more than 1 °C), except for when there 
is not wind at all. In reduced wind speed case, the tem-
perature difference (built-up minus green) is much larger, 
suggesting that the wind speed can largely affect the noc-
turnal cooling. However, at daytime, the change in the 
temperature difference due to wind speed is very small.
Fig. 4 a ADMS‑Urban modelled air temperatures (12:00 noon) and b derived LSTs (11:27 a.m.) for Kuala Lumpur city
Fig. 5 Comparison of ADMS outputs and LSTs resampled in the 
same resolution
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Discussion, conclusions and future work
ADMS-Urban, like many other fast local urban climate 
modelling tools, has been thus far used and validated 
mostly for mid-latitude western cities. In this paper, the 
ADMS-Urban was used to model the urban climate of 
tropical Greater Kuala Lumpur. The surface air tem-
peratures are determined by the surface energy balance 
equation; however, the energy portioning and heat trans-
fer processes in the tropical areas differ from the mid-
latitudes (Roth 2007) due to climatic, anthropogenic and 
morphological factors. Climatic factors include both 
poor dispersion due to low wind speeds, and the larger 
amount of latent heat due to more frequent and intense 
precipitation. Kuala Lumpur also experiences increased 
anthropogenic heat due to larger traffic loads and air 
conditioning use, which generate extra challenges in the 
modelling of this and similar tropical urban climates.
Differences in urban morphologies have strong impact 
on the radiation, heat transfer and aerodynamics, which 
are the key factors that govern urban climates. The urban 
morphology of typical Asian cities, including Kuala Lum-
pur, is quite different due to higher density of high-rise 
buildings to that of typical mid-latitude, European cit-
ies for which ADMS has been previously validated. For 
example, the normalised building volume (NBV) calcu-
lated for 500 m resolution in the Kuala Lumpur city cen-
tre is close to 60  m, which is over five times as high as 
maximum NBVs in London. Further, it is normally pos-
sible to calculate surface roughness values using the 3D 
buildings data, if available, based on the expression devel-
oped by MacDonald et al. (1998); however, due to com-
paratively very high-rise—high-density nature of KL, the 
use of this equation results in unrealistically high predic-
tions. Therefore, we find that low-resolution generic sur-
face roughness values were best suited for this study.
Further, the wind speed values in tropical areas are 
almost always lower, resulting in poor dispersion of heat 
and air pollutants in tropical cities. Poor dispersion is 
further exacerbated in the case of Kuala Lumpur, as it is 
located inside the Klang valley (Sani 1990/91). In addi-
tion, the high moisture content in green areas combined 
with strong solar radiation leads to large latent heat fluxes 
in tropical cities, making the flux ratios different from the 
majority of mid-latitude climates.
This first attempt at using ADMS-Urban to model the 
local climate in Greater Kuala Lumpur results in good 
agreement between the spatial distribution of tempera-
tures predicted by the model and derived from satellite 
imagery data. However, the range of predicted LSTs  is 
quite high (over 40  °C) and it is likely that a refinement 
in  the methodology used to calculate these would make 
this temperature range narrower-specifically by obtain-
ing accurate water vapour value, eliminating the impacts 
of clouds, applying a dark object subtraction correction 
and refining the emissivity parameters. The model can 
capture the temperature variations between built-up and 
green area, which shows the diurnal variation of urban 
heat island, and the impact of wind speed on the urban 
Fig. 6 Temperature distribution over the modelling domain for 18:00, 
30 May 2015
Fig. 7 Locations and images of the selected built‑up area locations 
in City Centre (red dots) and green area in Tasik Perdana (green dots) 
(ArcMap 10.5 Base Map)
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heat island intensity. Our findings are in broad agreement 
with previous studies that suggested the inverse relation-
ship between wind and urban heat island (e.g. Oke 1987; 
Arnfield 2003; Aktas et al. 2017). Our analysis of reduced 
wind speed case further indicates that the impact of wind 
speed on the urban temperatures differs in the daytime 
and nighttime. During the night, the wind speed appears 
to be an important factor for the nocturnal cooling pro-
cess, resulting in a relatively lower nocturnal boundary 
layer, and impacting on the advection and convection 
heat transfer processes. The reduced wind speed values 
are more directly linked to a higher urban heating. Dur-
ing the day, however, the relationship between urban 
temperatures and wind speed is more complex, as the 
daytime climatic factors are also influenced by advection, 
convective heat transfer and evapotranspiration, among 
others. Further research on different components of 
energy balance fluxes is needed to distinguish such dif-
ferent impacts.
In this study, the predicted UHII is within the range 
of values reported by previous research. On the other 
hand, current ADMS-Urban city scale model did not 
fully take into account the anthropogenic heating, both 
from road emissions and air conditioning systems. Pre-
vious studies suggested that the larger UHII appeared 
in weekdays due to the contribution from the heavy 
traffic, and the waste heat from the air conditioning 
systems shall be considerably large in the warm sea-
sons, e.g. the day the model was run for, 30th May. Such 
anthropogenic heating factors contribute significantly 
to the observed UHII and  vary its spatial distribution. 
Future modelling, on both city and neighbourhood 
scale, will fully account for the impacts of anthropo-
genic heat. Importantly, due to the limitations in the 
data availability, we used the LSTs derived from a Land-
sat satellite image to validate our modelling. Thus, only 
one-day modelling results were analysed in this study. 
At this certain day, the cloud amount was low, increas-
ing the solar radiation, leading to a larger UHII. Hourly 
data from other meteorological stations inside the city 
are essential to validate the performance of our model. 
Such validation will be conducted when such data are 
available. Future research will also further develop 
the land-use categories and develop neighbourhood 
scale models that better represent building morphol-
ogy and construction materials. Both open green parks 
and wooded area are defined as “Green” in the current 
Fig. 8 a Diurnal variation of model output for air temperatures in green and two built‑up locations (average of two locations of the same land‑use 
category), b relationship between wind speed and temperature difference between built‑up and green areas
Fig. 9 Changes in the temperature difference (Built‑up minus Green) 
and wind speed between reduced wind speed case and base case
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study. In the upcoming neighbourhood scale models, a 
more detailed land-use categorisation will be adopted, 
in order to distinguish bare soil and concrete sur-
faces, the grass lands and wooded lands and different 
buildings materials. For example, as a traditional tim-
ber housing area, Kampung Baru, had previously been 
identified as an urban cool island, but has now been 
reported to be disappearing due mostly to the anthro-
pogenic heat from heavy traffic. A study of the char-
acteristics of temperature variations within this area, 
accounting for the low-rise low-density nature of this 
neighbourhood built mostly in timber, can largely help 
distinguish the contribution and relative importance of 
buildings and anthropogenic heating to the urban cli-
mate. Future research will also use extensive near sur-
face field measurements on a wide range of different 
land-use areas for further model validation. Heavy pre-
cipitation and different seasons will also be considered 
for future modelling, to understand how the tropical 
urban hydrological cycle alters the local climate.
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